Injection of gas into the eye, followed by face-down positioning, is a common protocol for the reseating of the retina in posterior and superior retinal tears and breaks. The physical mechanism by which injected gas helps reattach retinal flaps is often ascribed to the 'buoyancy' force of the injected gas bubble. The various forces at play in this system (surface tension and buoyancy) were calculated and compared. The results are extended to the case in which the retina is intact (pneumatic displacement of blood) and to the use of intraocular perfluoron (n-perfluorooctane). We show that buoyancy forces are applicable only for gas or n-perfluorooctane bubbles that are smaller than the detached retina and that do not invade underneath the retina. For larger bubbles, as is normally used in reattachment protocols, we show that it is the interfacial tension that reattaches the retina. The range of angles within which patients can position, and still maintain a gas-vitreous interface along a tear is calculated as a function of the volume of injected gas and size of the tear. The maximum retinal flap size that can be reattached using surface tension forces is also estimated.
Introduction
Placement of gas in the posterior segment of the eye, either via an injection through the pars plana (i.e. pneumatic retinopexy) or by use of a gas fill after vitrectomy surgery is a commonly employed technique in vitreoretinal surgery. An understanding of the mechanism by which this works to allow the retina to reattach to the retinal pigment epithelium (RPE) is important in helping the physician decide how much gas to place in the eye, when to supplement the gas, and which patients can be well served by this technique. In addition, this information will help in the selection of alternative techniques and materials when, for example, in inferior retinal tears or multiple retinal tears, intraocular gas will not work. Although it is natural to consider buoyancy forces when gas bubbles are immersed in denser liquids, we will show that this concept is applicable only in systems where the bubble is small compared to the size of detached regions of retina. We will clarify the common misconception of a buoyancy force (Wilkinson and Rice 1997) for larger injected gas volumes, as is typically used in retinal reattachment procedures. In the more common case where the gas bubble reaches underneath the retinal tear, we show that the readhesion force actually arises from the gas-liquid surface tension of a thin liquid film wetting the detached flap. In addition, we have extended our analysis to the case of pneumatic displacement of sub-retinal fluid in the case of an intact retina as well as to the use of n-perfluorooctane for inferior detachments.
There have been previous discussions of this technique by DeJuan et al (1985) , Berger and Brucker (1998) , and in a standard text (Wilkinson and Rice 1997) . Unfortunately, there continues to be confusion among physicians and this confusion limits selection of alternative compounds as vitreous substitutes as well as how well this technique is utilized in practice. In this paper, we carefully consider the geometry relevant for pneumatic retinopexy. The role of liquid-gas surface tension is presented and discussed. In the following section, we review the basic physics and the associated equations to find expressions for expected forces arising in pneumatic retinopexy. Patient inversion angles and maximum tear sizes that can be healed with surface tension forces are estimated. Implications of these results are then discussed.
Geometric eye models

Repair of a retinal tear
Consider a small volume V 0 of gas at atmospheric pressure P 0 injected into an eye with intraocular pressure P. The resulting intraocular gas bubble will have pressure P g and volume V g ≈ 4πR buoyancy force is simply
where g is the acceleration due to gravity, and ρ g and ρ are the mass densities within the gas bubble (under pressure P g ) and of the surrounding incompressible liquid. The pressure P g inside the intraocular gas bubble will be related to its radius via the Young-Laplace equation
where σ is the gas-liquid surface tension. Assuming an ideal gas within the bubble,
where R is the gas constant, T the temperature, and m g is the molar mass of the injected gas. The buoyant force relationship becomes
For a gas bubble of radius R g ≈ 2.5 mm,
, and P 0 ≈ 760 mmHg ≈ 2.7 × 10 4 dynes cm −1 , one finds | F b | ≈ 64 dynes. This buoyancy force rises rapidly as R 3 g . Finally, the radius of the gas bubble under pressure P g can be related to the injected volume V 0 (at standard temperature and pressure (STP)):
In the eye, P is approximately 20 mmHg, so bubbles with R g 1 µm give 2σ/R g P . Therefore the bubble volume can be estimated from a simple isothermal ideal gas compression law
Combining equations (4) and (6) allows us to relate buoyancy force to measurable quantities. It is important to realize that in order for this buoyancy force to be relevant, the gas bubble must be attached or otherwise constantly held exactly under the detached flap. In practice, this is not feasible, so much larger volumes of gas are injected. The detached section of the retina then hangs entirely within the large gas bubble. The gas in the bubble exerts equal forces on both sides of the detached flap. The only 'buoyancy' force that can possibly be present is if the retinal flap is of lower mass density that the gas, so that it will float upwards. Since retinal tissue is clearly much denser than gas, there is no buoyancy force arising from injected large gas bubbles.
Forces that tend to reattach retinal flaps in large gas bubbles can be seen to arise from liquid-gas surface tension, as clearly illustrated in figure 1(b). Large gas bubbles envelop the entire tear. Since the pressure inside the gas phase is uniform, the gas exerts equal pressures on both sides of the retinal flap. Because the gas bubble has risen to the posterior of the inverted eye, there is no longer a buoyant force on the flap, which simply hangs inside a pocket of gas. However, a readhesion force arises from the surface tension of the wedge-shaped liquid film covering retina-RPE juncture at the base of the detached flap. As shown in figure 2, surface tension tends to minimize the total gas-liquid interface. Consider a flap of typical dimension s ∼ 5 mm. The adhesion force (change in energy per change in unit area reseated) due to the liquid film is approximately 2σ s ≈ 70 dynes, which is substantially greater than the F b ≈ 4 dynes from a 2 mm diameter gas bubble serendipitously trapped underneath the flap. The factor of two arises from the fact that two air-liquid interfaces are annihilated as the wet tear reseals against the wet RPE.
Limits on pneumatic retinopexy
What is the stability of a hanging flap retinal tear when surface tension tends to reseat it? The energy relative to the fully attached state is
where s is the length of flap that has detached and is hanging from the inner RPE surface at z = 0. The effective mass density of the detached object includes the mass per unit length of the detached retinal material and the accompanying thin water films on both sides:
where h r,w are the thicknesses of the retina and water layers, respectively, and ρ r,w are their mass densities. From the energy, we estimate a critical flap size that can be readhered using the surface tension of the thin water film:
For σ ≈ 70 dynes cm
, and h r + 2h w ≈ 1 mm, we find s * ≈ 1.5 cm. This is well above the size of most tears, and is larger for thinner, lighter flaps. Note the thickness (and hence the mass) of the hanging detached flap was roughly estimated to be 1 mm. Since the critical flap size s * is inversely related to the flap mass density, the flap density and wetting thickness could be more accurately measured. The reason gravity enters in this analysis is because it is needed to allow the air bubble to rise to contact the tear in order for a thin film with an air-water interface to form.
Pneumatic displacement
Now, what about retinal detachments without tears? For example, various gasses have been injected into the eye in order to flatten local retinal delaminations and displace sub-foveal blood. The physical mechanisms relevant in this case also turn out to be, by and large, surface tension, rather than a direct 'buoyancy' force. Figure 1(c) shows a small gas bubble, again serendipitously and delicately positioned precisely underneath a retinal delamination. The buoyant force pushes upwards and squeezes fluid laterally out of the bulge. The pressure of the fluid in the bulge relative to that in the eye is very approximately | F b |/R 2 g ∼ 10 3 dynes cm −2 for a 2.5 mm bubble. This pressure is approximately one-thousandth of one atmosphere. As one increases the gas-bubble size, the bubble deforms and surrounds the bulge until the upward force of the bubble is transduced primarily through the tissue peripheral to the bulge. In this case, the bulge is much like the flap dangling in the large gas bubble shown in figure 1(b) .
Since the buoyant force is held predominantly by the region peripheral to the bulge, increases in the size of the bubble lead primarily to increases in pressure adjacent to the bulge, as is clear from the calculations by Berger and Brucker (1998) , and are insufficient to squeeze the excess fluid out. In this more likely scenario, the only force acting against gravity (the heavier fluid within the bulge tends to fall into the gas bubble, further delaminating the bulge) is surface tension created by the gas-retinal interface.
Here, the problem is also one of mechanical stability. The fluid in the bulge is higher in density than the gas and will try to find its way inferiorly. The fluid can be pumped out through the RPE, or it can fall through the large gas bubble, further delaminating the bulge. As the bulge enlarges and falls into the gas bubble, it is creating more gas-liquid interface. The only restoring force arises from surface tension. This problem is physically equivalent to a droplet of water dripping from a ceiling and is described by the Rayleigh-Taylor instability (Chandrasekar 1981) . The point at which the gravitational forces on the bulge outweigh the restoring forces of surface tension occurs when the bulge is equal to or greater to the capillary length, approximately
For g = 980 cm s −2 , σ ≈ 72 dynes cm −1 , and ρ ≈ 1 g cm
ρ g , s * ≈ 1 cm. Although we have estimated s * to be on the order of 1 cm for both tear and bulge-type RPE detachments, the functional forms between equations (9) and (10) are different and may yield different values if the parameters are different from those used in our examples. Bulges larger than the capillary length s * and that protrude into large, injected gas bubbles will tend to draw fluid from the choriocapillaris, enlarging the delamination.
N-perfluorooctane
Exactly the same arguments can be made for injected fluids that are denser than the aqueous humour (such as perfluorooctane), and the bulge is positioned at the lowest point. Here, a small droplet of heavier fluid will push on a bulge if situated at its apex. If a larger volume of dense fluid settles over the bulge, the buoyancy force on the lighter fluid in the bulge will tend to make it rise, enlarging it. Again, the only restoring force would be the aqueous humour-dense fluid (perfluorooctane) interfacial tension. Note that these arguments hold if the bubble is larger than the bulge or flap of retina. In cases where the bubble is smaller than the retinal flap (e.g., a giant retinal tear), the above arguments indicate that the difference in specific gravity (i.e., the 'buoyancy force') is responsible for the reapproximation of the retina to the RPE. The minimum volume of gas (as a fraction of the volume of the entire eye) that is required for a flap of arc-length s to be completely exposed to an air-liquid interface.
Minimum gas volume
We have shown that in typical scenarios, where larger gas bubbles (or dense fluids) are used, surface tension is the operative force in repair of retinal detachments. In order for surface tension forces to manifest themselves, the detachment must be immersed in the air or perfluoron phase. In other words, the air bubble must be large enough and be situated properly as to provide the detached region with a liquid-air interface. Therefore, the detachment should be placed near the highest point, and sufficient gas should be injected. A tear of dimension s subtends an angle θ = s/R eye (in radians). If a patient is oriented such that the centre of the tear is at the highest point with respect to gravity, a minimum volume of injected gas is still required for the liquid-gas interface to envelop the entire tear (assuming surface tension forces are sufficient to reseat a tear of size s s * ). This minimum volume of gas corresponds to the volume of the section of a sphere with radius R eye :
where V eye = 4πR 3 eye 3. Figure 3 shows the minimum gas volume as a fraction of the total eye volume, V min /V eye , as a function of the arc-length (or typical dimension) of a tear. Note that for detachments s/R eye 1 (or detachments of 1 cm) very little gas is required as long as the patient is carefully, and correctly oriented. For larger tear, the minimum gas volume required quickly rises.
Tolerance angle and patient positioning
Now, consider the geometry and gas fill required. Suppose the patient is oriented such that the centre of a tear is situated at the highest point with respect to gravity and that the volume of gas is V > V min as determined by equation (11) and figure 3. If additional gas is used, the patient's orientation will not need to be as stringent in order to keep the tear completely within the gas phase. This 'tolerance' angle has been calculated using simple geometry and requiring that all edges of an approximately circular tear remain within the gaseous spherical section defined by the injected gas. Tolerance angles θ T are shown in figure 4 . As long as a patient with tear of size s remains within this tolerance angle (the angle away from having the centre of the tear at the highest position), his/her tear will be completely enveloped by . The 'tolerance' angle within which a gas bubble of volume V g (relative to the eye volume V eye ) will dry a flap of size s (relative to the eye radius R eye ). (a) Although a patient is normally positioned such that his/her flap tear is at the highest possible position against gravity, he/she may nonetheless tilt away from this position depending on the size of the tear and the volume of gas injected. The angle θ T is the cone angle away from this position within which a patient can manoeuvre and still allow air to completely envelop the tear. (b) Numerical calculations for θ T .
For example, for a desired tolerance angle of 60 • , a tear of s/R eye = 0.5 (roughly a 1 cm tear if R eye ≈ 2 cm), a gas volume of 0.3V eye is required.
gas, and surface tension can act to reseal the tear. The larger the injected gas volume, the larger the tolerance angle. However, even if the patient is given a complete gas fill initially, the reabsorption of the gas and production of aqueous humour will eventually result in an incomplete fill. In situations where compliance with a fixed patient orientation is difficult, one can periodically reinject gas to keep the gas volume relatively large. Figure 4 (b) provides a guideline as to when it might be appropriate to supplement the gas fill and it is particularly useful to note the 'S' shaped structure. We would argue that it would be best to keep the patient's gas fill within the 'plateau' region, with V g /V eye 0.2 (a 20% fill), where smaller drops in the gas fill only lead to small reductions in positioning tolerance.
Discussion and conclusions
It is known that hydrogen bonding makes the surface tension at the air-water interface one of the highest in nature (Adamson and Gast 1997) . It is this force that is critical in the effectiveness of the intraocular use of gas. Consider the problem of repair of a superior retinal tear with pneumatic retinopexy. Initially, when gas is injected into the eye, there is a sudden, transient increase in intraocular pressure that is rapidly distributed throughout the eye (under the retina, within the vitreous cavity, and in the anterior chamber). This transient effect will clearly have little effect on the removal of sub-retinal fluid. As the bubble floats upwards towards the retina, its behaviour can be described by numerical simulations of the governing fluid-dynamic equations (Landau and Lifshitz 1985) , as performed by Manga and Stone (1995) and Ascoli et al (1990) . If the bubble is large and envelopes the entire tear, its buoyancy force will be directed upwards on the RPE peripheral to the flap, rather than on the flap itself. The flap simply hangs inside the large gas bubble as shown in figure 2(a) . There is no 'buoyancy force' on the flap. Surface tension will act to minimize the surface area of the bubble. This seals the hole as shown in figure 2(b) . The RPE pump then removes any residual sub-retinal fluid. At this point, the retina will be reapproximated to the back of the eye and gas is in contact with the hole. Surface tension will hold the retina down and any attempt to lift the retina off the RPE by currents within the eye will increase the size of the air-water interface and thus have a large energetic cost. The retina is then able to scar down to the RPE.
Since the special case of positioning a small gas bubble precisely underneath a tear or bulge is improbable in the clinical setting, we have calculated the maximal flap tear and bulge that can be treated using pneumatic retinopexy with large gas fills, where surface tension is the operative force. We have also calculated the range of positions that a patient can assume, given a particular retinal hole size and gas fill. We have also discussed the physics of pneumatic displacement of sub-retinal fluid as well as n-perfluorooctane. Our calculations are consistent with a clinical study by Tornambe et al (1997) of pseudo-phakic patients with macular holes who underwent surgical repair with a complete gas fill and then were not required to remain face-down. Their results of a 79% success rate of hole closure after one surgery and a total success rate of 85%, as well as their conclusion that the relative position of the eye with respect to the maximum buoyancy forces of the bubble may not be a critical factor for success, are consistent with our analysis.
An eye with a large amount of injected gas is simply a vessel with gas in the upper portion and liquid in the lower portion. A retinal tear that is sitting at the top of the vessel dangles into the gas phase and clearly experiences no buoyancy force. The point of our analysis is that although the gas bubble clearly must be in contact with the hole or tear in order to seal it, surface tension, and not a buoyancy force, is responsible for reapproximating the retina to the RPE. The gas simply provides a gas-liquid interface and the associated surface tension that reseals the tear. These fundamental physical differences have not been clearly distinguished (Wilkinson and Rice 1997) .
The concept that surface tension is the significant physical force is critical in the selection of alternative vitreous substitutes in that they should ideally have high surface tension at a water interface. Since the surface tension at the gas-water interface is one of the highest found in Nature, it is difficult to find fluid-vitreous substitutes that will provide larger forces to reapproximate RPE detachments. Therefore, other paradigms, such as using sol-gel polymeric systems as discussed by Foster et al (2003) and magnetic compounds as presented by Dailey and Riffle (2002) , should be further investigated and may eventually prove more efficacious.
